Interactions Between the Ur Element RNA Oligonucleotide and CstF-64 in C. elegans Nematodes by Nycz, Bryan
University of Colorado, Boulder
CU Scholar
Undergraduate Honors Theses Honors Program
Spring 2013
Interactions Between the Ur Element RNA
Oligonucleotide and CstF-64 in C. elegans
Nematodes
Bryan Nycz
University of Colorado Boulder
Follow this and additional works at: http://scholar.colorado.edu/honr_theses
This Thesis is brought to you for free and open access by Honors Program at CU Scholar. It has been accepted for inclusion in Undergraduate Honors
Theses by an authorized administrator of CU Scholar. For more information, please contact cuscholaradmin@colorado.edu.
Recommended Citation
Nycz, Bryan, "Interactions Between the Ur Element RNA Oligonucleotide and CstF-64 in C. elegans Nematodes" (2013).
Undergraduate Honors Theses. Paper 458.
	   1	  
Interactions Between the Ur Element RNA  
Oligonucleotide and CstF-64 in C. elegans Nematodes  
 
 
 
 
 
 
 
Bryan Nycz 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
University of Colorado at Boulder 
Molecular, Cellular, and Developmental Biology 
Senior Honors Thesis   April 5, 2013 
 
Thesis Advisor: Dr. Thomas Blumenthal, MCDB 
Direct supervisor: Dr. Erika Lasda  
Committee Members:  
Dr. Jennifer Martin, MCDB  
Dr. James Goodrich, CHEM 
Dr. Nancy Guild, MCDB 
	   2	  
Abstract 
In C. elegans, RNA processing of downstream operon genes through SL2 trans-splicing 
is crucial for polycistronic transcripts to be separated into monocistronic transcripts. The Ur 
element RNA sequence, which is important for proper SL2 trans-splicing, is found in the 
intercistronic region (ICR) of the pre-mRNA. The ICR is located between the 3’ end of one gene 
and the trans-splice site of a downstream operon gene. Lasda has shown that the Ur element 
sequence is required for downstream SL2 trans-splicing and proposed that it defines the 5’splice 
site on the SL2 RNA (Lasda, Allen, & Blumenthal, 2010). This project investigates whether 
there is an interaction between the Ur element RNA oligonucleotide and purified GST CstF-64, a 
3’end formation factor. The Ur element RNA oligo contains short stem-loop and multiple 
UAYYUU motifs similar to Ur element RNA sequence found in ICRs. These experiments 
specifically analyze whether various mutant and wild type Ur element RNA oligos pull down 
GST CstF-64 directly, in the absence of extract. Results suggest that the wild type Ur element 
RNA oligo interacts directly with GST CstF-64, while the mutant RNA oligo does not pull down 
GST CstF-64. The results also suggest that the region containing the UAYYUU is required for 
GST CstF-64 binding, while the stem-loop is not important. Additionally, preliminary cross-
linking results suggest that GST CstF-64 directly binds the loop and first UAYYUU motif of the 
Ur element RNA oligo. 
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Introduction 
In 1965, Sydney Brenner chose Caenorhabditis	  elegans, a nematode, for genetic analysis 
to study animal development and behavior (Hillier et al., 2005; Riddle, Blumenthal, Meyer, & 
Priess, 1997). He settled on this organism because of its small size, rapid life cycle, and minimal 
laboratory cultivation complexity. Specifically, a single nematode can produce between 300 to 
350 offspring. Furthermore and most importantly, C. elegans was selected because of its 
anatomical simplicity, less than 1,000 cells, and small genome (Riddle et al., 1997). Recent 
sequence analysis has uncovered that C. elegans’ 100,291,840 base pair (bp) genome contains 
19,735 protein-coding genes and roughly 1,300 non-coding RNA genes (Hillier et al., 2005). 
Because of this simplicity and the sheer amount of information present on this species, C. 
elegans has become a preferred model organism in molecular and cellular biological studies 
(Riddle et al., 1997).  
While studying this species, researchers discovered that C. elegans utilize an uncommon 
mechanism, similar to what is observed in trypanosomes and other lower metazoans, to process 
their pre-mRNA into a mature transcript (Riddle et al., 1997; Spieth, Brooke, Kuersten, Lea, & 
Blumenthal, 1993). This unique mechanism is known as SL trans-splicing, and involves joining 
together two separate RNA molecules. In C. elegans, 70% of pre-mRNA is SL trans-spliced 
(Blumenthal, 2012). Specifically, SL trans-splicing involves joining the spliced leader (SL), 
which is a 22 nucleotide (nt) conserved leader sequence donated by a longer SL RNA, to the 5’ 
end of the first exon in the pre-mRNA (Lasda & Blumenthal, 2011). In C. elegans, there are two 
different spliced leader sequences, SL1 and SL2. SL1 RNAs, donate their mini-exon, the SL, to 
the first exon in polycistrons, as well as non-operon genes, whereas SL2 RNAs, donate their 
mini-exon to downstream genes in operons (Lasda et al., 2010). Operons in C. elegans are 
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polycistronic transcripts containing clusters of up to eight genes transcribed from a single 
promoter (Blumenthal, 2012; Lasda et al., 2010). In operons, SL trans-splicing is responsible for 
transcript separation into monocistronic transcripts (Riddle et al., 1997). 
The SL RNA molecules are similar to U small nuclear RNAs (snRNAs). They bear a 
hypermethylated m2,2,7GpppN trimethylguanosine (TMG) 5’ cap, and are predicted to form 
stem-loop secondary structures through intramolecular base pairing. Additionally, SL RNAs 
contain Sm binding sites, where Sm proteins important in splicing bind (Lasda & Blumenthal, 
2011; Thomas, Conrad, & Blumenthal, 1988). Addition of the spliced leader serves two 
important purposes: it provides the cap to mRNAs in downstream genes and functions jointly 
with polyadenylation in separating polycistronic transcripts (Thomas et al., 1988). 
In C. elegans, the mechanism for trans-splicing is considered to be similar to that of cis-
splicing. Cis-splicing is a process that involves intron removal and joining adjacent exons 
together. In the first step, the upstream exon is cut from the intron and a lariat-like intermediate 
molecule is produced. The two exons are then joined together by a phosphodiester strand-transfer 
reaction removing the intron. Important to this reaction are five snRNAs and numerous proteins. 
These small nuclear ribonucleoprotien (snRNP) complexes and associated proteins make up the 
spliceosome. The snRNPs include U1, U2, U4, U5, and U6, and are responsible for the splicing 
reaction (Blumenthal & Steward, 1997). 
Analogous to cis-splicing, trans-splicing progresses through a two-step trans-
esterification reaction ( Liang, Haritan, Uliel, & Michaeli, 2003). Furthermore, trans-splicing 
uses the same splice site consensus sequences, is catalyzed by most of the identical snRNPs, and 
involves a branched intermediate (Spieth et al., 1993). Because of these similarities, it has been 
proposed that trans-splicing evolved from cis-splicing (Blumenthal, 1995, 2004; Lasda & 
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Blumenthal, 2011). Conversely, three notable differences between these two mechanisms are that 
trans-splicing does not involve U1 snRNP and it produces a Y-branched product, whereas cis-
splicing produces a lariat product (Lasda et al., 2010; Spieth et al., 1993). Additionally, SL 
RNAs in trans-splicing are “consumed” and not recycled like the other spliceosomal snRNPs. 
This happens because the mini-exon is separated from the SL RNA and remains connected to the 
mRNA (Lasda & Blumenthal, 2011). 
 All genes in operons and non-operons are processed by RNA cleavage and 
polyadenylation at the 3’ end. Specifically, this is known as RNA 3’ end formation. This 
processing contributes to mature mRNA stability and transport. Although roughly eighty-five 
proteins are involved in 3’ end formation, the core machinery is comprised of the cleavage-
polyadenylation specificity factor complex (CPSF), poly(A) polymerase (PAP), and the cleavage 
stimulation factor complex (CstF)  (Shi et al., 2009; Takagaki & Manley, 1997). Both the CPSF 
complex and the CstF complex are required for proper cleavage, while PAP is required for the 
addition of the poly(A) tail.  
Specifically, CstF is a heterotrimeric complex composed of three protein subunits: 77, 64, 
and 50. CstF-77 bridges CstF-64 and CstF-50 and also interacts with CPSF 160, one of the four 
subunits of CPSF. CstF-64 directly binds RNA sequences, and CstF-50 directly contacts the 
carboxy terminal domain (CTD) on RNA polymerase II (RNAPII) (Colgan & Manley, 1997). It 
has also been observed that CstF-77, as well as CstF-50, can self-associate. Because of this 
association, Takagaki and Manley (1997) have also suggested that multiple CstF complexes 
might dimerize during 3’ end formation.  
The two primary pre-mRNA sequences required for cleavage and polyadenylation are a 
AAUAAA sequence upstream of the cleavage site that CPSF 160 of the CPSF complex binds, 
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and a GU or U rich sequence downstream of the cleavage site that CstF-64 of the CstF complex 
binds (Takagaki & Manley, 1997). CstF-64 also interacts with symplekin, a subunit of CPSF, 
and Pcf11, a subunit of Cleavage Factor (CF) IIm (Chan, Choi, & Shi, 2011). In C. elegans 
internal operon genes, there are two U-rich regions downstream of cleavage sites and it is not 
known to which, if either or both, CstF-64 binds (Graber, Salisbury, Hutchins, & Blumenthal, 
2007). This is important because this second U rich region contains the Ur element sequence 
required for SL2 trans-splicing, discussed below.  
 A key element involved in SL2 trans-splicing is the Ur (U-rich) element found within the 
intercistronic region (ICR) between any two genes of the same operon. The Ur element sequence 
is around 50 nt upstream of the SL2 trans-splice site in the pre-mRNA (Lasda et al., 2010). The 
Ur element is composed of a short stem-loop followed by a UAYYUU (where Y represents a 
Cytosine or Uracil) sequence (Lasda et al., 2010). The UAYYUU sequence is frequently 
followed by multiple overlapping UAYYUU motifs. The presence of the stem is conserved 
among operons, but the primary sequence of the stem may not be. This element is required for 
downstream SL2 trans-splicing. Huang et al. (2001) showed that when the Ur element was 
mutated, the amount of downstream mRNA diminished. As well, it was observed that without 
the Ur element, there was a total disappearance of SL2 trans-splicing to gpd mRNA (Huang et 
al., 2001). Lasda et al. (2010) showed that in-vitro, mutation of the Ur element led to a loss of 
SL2 trans-splicing, without a concomitant increase in SL1 trans-splicing. Huang et al. (2001) 
suggested that the Ur element might contain or act as a protein binding site and contribute to SL2 
trans-splicing. 
 By creating RNA oligos that were derived from the Ur element sequence in the ICR 
preceding the gene rla-1, Lasda et al. (2010) were able to test the correlation between SL2 
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activation and the Ur element sequence. These oligos are 49 nucleotides and contain the stem-
loop region followed by all of the overlapping copies of the UAYYUU motif (see Figure 1A). 
Lasda et al. (2010) demonstrated that instead of SL2’s normal function of downstream gene 
processing, in the presence of the Ur element oligo, SL2 is trans-spliced in-vitro at an upstream 
cis-splice site of the rla-1 operon construct. Lasda et al. (2010) also showed in-vitro that the gene 
rps-3, which normally is spliced to SL1, spliced inappropriately to SL2 in the presence of the Ur 
element RNA oligonucleotide. Additionally, there is an observed decrease in SL2 trans-splicing 
at expected SL2 trans-splice sites (Lasda et al., 2010). Because Lasda’s experiments 
demonstrated that the addition of the Ur element oligo changes splicing activity of SL2 RNA in 
worm extract, it was then hypothesized that the oligo, and therefore the Ur element, might 
interact directly with SL2 RNA by base pairing of the 5’ splice site on the SL2 RNA with the 
UAYYUU of the Ur element on the pre-mRNA. Since subsequent experiments did not provide 
evidence for a direct interaction, it has been hypothesized that the Ur element oligo interacts 
through a protein and/or RNA complex that facilitates binding with, and activation of, the SL2 
RNA. 
 To test this hypothesis, Lasda used a streptavidin magnetic bead pull down assay in 
extract to see what bound the Ur element RNA oligo. Lasda showed that endogenous CstF-64, as 
well as sut-1 and SmY RNA, and various other 3’ end formation proteins are pulled down in C. 
elegans worm extract with the Ur element oligo (Lasda, unpublished results). This result 
supports the hypothesis that proteins, as well as RNA, may facilitate the interaction between the 
Ur element oligo and the SL2 RNA. Lasda’s unpublished experiments also demonstrated that 
when eight mutations were introduced into the long, wild type Ur element oligo in both the stem 
and UAYYUU sequence (see Figure 1E), the oligo was no longer able to pull down CstF-64 or 
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sut-1. Furthermore, she showed that when GST CstF-64 was introduced into worm extract, the 
Ur element oligo pulled down endogenous CstF-64 and purified GST CstF-64.  
 Further supporting the hypothesis that CstF-64 facilitates the interaction between the SL2 
RNA and the Ur element sequence, Evans et al. (2001) demonstrated that the SL2 RNA is 
immunoprecipitated with αCstF-64 antibody. They showed that mutations in stem two and loop 
three of the SL2 RNA diminished trans-splicing. Importantly, mutations in stem-loop three 
(G93C) prevent CstF-64 association with the SL2 RNA (Evans et al., 2001). This supports CstF-
64’s key role in the interaction between the SL2 RNA and the Ur element sequence. 
 Building on these results, we propose that CstF-64, as well as various other proteins or 
RNAs, act as a bridge connecting the Ur element and SL2 RNA in SL2 trans-splicing. My 
project focuses on whether there is a direct interaction between the Ur element RNA oligo and 
in-vitro expressed GST CstF-64. Using a streptavidin magnetic bead pull down assay, I pulled 
down GST CstF-64 with various biotinylated Ur element RNA oligos in both the presence and 
absence of extract. My results showed that GST CstF-64 interacts directly with the wild type Ur 
element oligo even without the other subunits of the CstF complex, but does not interact with an 
oligo containing multiple sequence mutations. My results also showed that a long wild type oligo 
pulls down more GST CstF-64 than a short wild type oligo containing only one UAYYUU motif, 
indicating that multiple UAYYUU motifs or the length of the oligo are important. I also 
determined that the optimal pull down ratio between the Ur element RNA oligos and purified 
GST CstF-64 is 1:1. Additionally, I used Ur element RNA oligos with mutations in either the 
stem or the multiple UAYYUU motifs to determine that the UAYYUU is required to pull down 
GST CstF-64, while the stem is not. Preliminary results also suggest that cross-links are formed 
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between Ur element RNA oligos containing 4-thiouradine (4-S-U) modifications in either the 
loop or UAYYUU motifs and GST CstF-64 after exposure to 365 nm wavelength UV light. 
 
Materials and Methods 
Ur element RNA Oligos: 
 Below is a table of the RNA oligos used in these experiments. These oligos are depicted 
in Figure 1. Oligos A, B, C, D, E, and F were ordered from IDT and G and H were ordered from 
Dharmacon Inc. (Thermo Fisher Scientific).  
 
Oligo Name Panel Description   
WT A Long, wild type 5’ biotin oligo  
WT (short) B Short, wild type 3’ biotin-TEG linker oligo 
WT 
 
C Long, wild type 3’ biotin oligo 
 
Mt (UAYYUU) 
 
D Long, mutant UAYYUU 3’ biotin oligo 
 
Mt (ctrl) E Long, mutant UAYYUU and stem 5’ biotin 
oligo 
Mt (stem) F Long, mutant stem 3’ biotin oligo 
WT (UAYYUU 4-S-U) 
 
G Long, wild type UAYYUU 4-S-U 3’ biotin 
oligo 
WT (stem 4-S-U) H Long, wild type loop 4-S-U 3’ biotin oligo 
 
  
GST CstF-64 Expression and Purification: 
 GST CstF-64 was expressed in-vitro. The pGEX-2T plasmid with the full-length GST 
CstF-64 insert was obtained from Carol William’s freezer box, transformed into DH5α cells, and 
plasmid DNA was extracted using Qiagen’s Miniprep kit. The DNA was then sent to ACGT Inc. 
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for sequencing to determine if the protein sequence for GST CstF-64 was present. The plasmid 
was then transformed in DH5α cells and then retransformed in BL21 cells to increase protein 
expression efficiency. Subsequently, cells from a 1:100 dilution culture were induced after three 
hours of growth at 37°C at O.D. of .4 with .2 mM IPTG (500 µl from 200 mM stock) and 
incubated overnight at 25°C. Then, 1.1 L of cells were lysed with 25 µl DTT at 1µg/µl, one 
mini-tablet of Complete P.I. (Roche), 250 µl lysozyme at 5 mg/ml, and 250 µl PMSF. The cells 
were then sonicated at ten watts for 30 seconds sonication followed by 30 seconds on ice for a 
total of three cycles. Sonicated cells were then centrifuged at 21,000RPM, 4°C, for one hour. 
GST CstF-64 was then column affinity purified using 105 mg of Glutathione Sepharose beads. 
GST CstF-64 was eluted using 50 mM reduced Glutathione in 100 mM Hepes-KOH in the 
column. Following elution, GST CstF-64 was concentrated using a YM-30 Centricon Centrifugal 
Filter Device (Millipore) at	  5000	  x	  g	  for	  3	  hours. 
 
Ur Element RNA Oligo Pull Down Assay: 
 The Ur element RNA oligo pull down assay used by Lasda (unpublished) with C. elegans 
extract was modified specifically to pull down GST CstF-64 in the absence of extract (Figures 2 
through 5). Total reactions include 12.5µl to 25µl of H2O depending on variables, 20µl of 5X 
minus ATP splicing buffer (175 mM KCl, 20 mM MgCl2, 7.5 mM DTT, and 15% PEG 8000), 
2.5 µl of RNase Out, 50µl of dialysis buffer (20 mM Tris-HCl, 50 mM KCl, 1mM DTT, 10% 
glycerol, .5 mM EDTA, and 1mM PMSF) or extract (N2 C. elegans, crude, embryonic extract 
prepared according to protocol in (Lasda, Kuersten, & Blumenthal, 2011)), 0.95 to 95pmol Ur 
element RNA oligos, and 0.0095 to 95pmol in-vitro purified GST CstF-64 for a total reaction 
volume of 100 µl. Both the amount and concentration of the oligo and protein depended on what 
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conditions were being tested. Order of addition also varied depending on whether the oligo or 
protein was present in the master mix. Each experiment was set up on ice. 
 Reactions were mixed thoroughly and incubated at 15°C for 20 minutes. Following this, 
5µl of Heparin (2mg/ml) and 25µl to 50µl of magnetic streptavidin beads (described below) at 5 
mg/ml were added. The experiment in Figure 2 used MyOneTM Streptavidin T1 magnetic beads 
(Invitrogen), and those shown in Figures 3 through 5 used M-280 Streptavidin magnetic beads 
(Invitrogen). Beads were prepared according to manufacturer’s recommendations. They were 
pre-blocked with 5% BSA and to maintain a final concentration of 5% BSA, 25% BSA was 
added to the pull down reaction for experiments shown in Figures 4 through 5. After the beads, 
BSA, and heparin were added, the reaction was incubated again in water at 15°C for 20 minutes. 
Subsequently, the tubes were placed on a magnetic strip to remove the supernatant and wash the 
beads. Each reaction was then washed three times with 1mL of a mild wash buffer (1X PBS, 
35mM KCl, 4mM MgCl2, and 1.5 mM DTT), and were either transferred to new microfuge tubes 
(Figures 4 through 6) or remained in the tubes previously washed in (Figures 2 and 3). Then the 
beads were resuspended in 2X SDS loading buffer. 
 
UV Cross-Linking Ur Element RNA Oligo Pull Down Assay: 
The Ur element RNA oligo pull down assay was modified specifically to pull down GST 
CstF-64 exposed to 365 nm wavelength UV light (Figure 6). The reaction includes 4 µl of H2O, 
10 µl of 5X minus ATP splicing buffer (175 mM KCl, 20 mM MgCl2, 7.5 mM DTT, and 15% 
PEG 8000), 1.0 µl of RNase Out, 25 µl of dialysis buffer (20 mM Tris-HCl, 50 mM KCl, 1mM 
DTT, 10% glycerol, .5 mM EDTA, and 1mM PMSF), 1.0 pmol Ur element RNA oligo, and 1.0 
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pmol in-vitro purified GST CstF-64 for a total reaction volume of 50 µl. Each experiment was 
set up on ice. 
 Reactions were mixed thoroughly and incubated at 15°C for 5 minutes. Following this, 
samples were subjected to 365 nm wavelength light ranging from 0 minutes to 60 minutes on ice, 
using a CL-1000 Ultraviolet Crosslinker manufactured by UVP, then transferred to new tubes 
and remained on ice until the end of the UV time course. The rest of the method was the same as 
the pull down assay, except for the following: 2µl of Heparin (10mg/ml) and 25µl of non-BSA 
blocked beads (described below) at 5 mg/ml were added, pull down reactions were heated for 5 
minutes at 55°C in 500 µl of a mild wash buffer prior to the three washes in this same buffer, and 
all reactions were transferred to new tubes after the final wash. 
  
CstF-64 Western Blots: 
 The pull down samples were loaded into a 10% separating SDS-polyacrylamide gel 
(Figures 2 through 5) or a 8% separating SDS-polyacrylamide gel (Figure 6) with a 5% stacking 
gel. The gel was run at 80 volts through the stacking gel and 90 to 175 volts through the 
separating gel. The proteins were transferred to a nitrocellulose membrane in a tank transfer 
apparatus at 350 mAmps for one hour. Next, the membrane was blocked in 3% milk/PBS 
solution ranging from one hour up to one week. It was then probed with anti-CstF-64 rabbit 
polyclonal antibody at a 1:8000 dilution in 1.5% milk, 1X PBS, and .1% TritonX-100 solution 
from one hour to overnight. Subsequently, the membrane was washed in PBS with .1% TritonX-
100, four times for five minutes then exposed to secondary antibody, anti-protein A HRP 
(Sigma) at a 1.5:10,000 dilution in sterile PBS for one hour. The membrane was washed again 
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four times for five minutes, incubated with enhanced chemiluminescence (ECL) (PerkinElmer) 
solution, and exposed to film.  
  
Results 
I. Ur element RNA oligonucleotides 
 In order to address the idea that CstF-64 interacts directly with the Ur element sequence, 
a streptavidin magnetic bead pull down assay was used with in-vitro expressed and purified GST 
CstF-64 and various biotinylated Ur element RNA oligos. The Ur element oligos used in these 
experiments were derived from the Ur element sequence in the ICR of rla-1. These oligos 
contain a short stem-loop followed by a UAYYUU sequence motif (shown in Figure1). The long 
oligos are 49 nucleotides and include both the stem and all copies of the UAYYUU motifs, while 
the short oligo (Figure 1B) is 30 nucleotides and includes only one UAYYUU motif. The first 
mutant oligo (Figure 1E) contains eight nucleotide mismatches compared with the wild type 
oligo. These mismatches specifically mutate both the stem region and each of the UAYYUU 
sequences. The other two mutant oligos contained either mutations in the stem (Figure 1F) or 
multiple UAYYUU motifs (Figure 1D). Additionally, two long, wild type Ur element RNA 
oligos with 4-thiouradine modifications were used. The first contained a 4-S-U at the second U 
within the UAYYUU (Figure 1G), while the second contained a 4-S-U at the U in the top of the 
stem-loop (Figure 1H). 
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Figure 1: Ur element RNA oligos. [A] WT [B] WT  [C] Mt (ctrl) [D] WT (UAYYUU 4-S-U) 
[E] WT (short) [F] Mt (UAYYUU) [G] Mt (stem) [H] WT (stem 4-S-U). All oligos but [A] and 
[C] have a 3’ biotin tag. Blue squares highlight nucleotide changes from the wild-type sequence. 
Horizontal black lines represents a complete UAYYUU motif and diagonal black lines represent 
TEG linker. Blue lightening bolts represents location of 4-thiouradine.   
 
  
II. GST CstF-64 is pulled down specifically by the long, wild type Ur element RNA oligo in 
the presence of extract 
Previously, Lasda demonstrated that endogenous CstF-64 was pulled down specifically 
by WT, but not by the Mt (ctrl) Ur element RNA oligos in extract. Although CstF-64 pull-down 
in extract is specific, it is unknown whether CstF-64 binds the Ur element RNA oligo indirectly 
or directly. This is because extract includes both binding partners of CstF-64 (CstF-50 and CstF-
!
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WT	  
Mt	  (ctrl)	  
WT	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Mt	  (UAYYUU)	  
Mt	  (stem)	  
WT	  (stem	  4-­‐S-­‐U)	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77), all of the 3’ end formation machinery, and all of the components of the spliceosome. CstF-
64 may associate with the Ur element oligo through various proteins and/or RNAs. In order to 
test whether the interaction between the oligo and CstF-64 is direct, the pull down assay was 
conducted with purified GST CstF-64 in the presence and absence of extract. The absence of 
extract is key in determining if CstF-64 directly binds the Ur element oligo because only GST 
CstF-64 and the oligo will be present in the reaction. Pull down samples were analyzed by 
Western Blot for CstF-64. I used WT or Mt (ctrl) oligos and GST CstF-64 protein at a 1:1 ratio. 
A no-oligo control was included. For replicates, oligo dilutions made by Lasda and myself were 
used.  
Figure 2 shows that with the addition of GST CstF-64 and extract the WT oligo pulls 
down both endogenous and purified CstF-64, while the Mt (ctrl) oligo does not. Compare lanes 2 
versus 3 and lanes 8 versus 9. This indicates that both endogenous CstF-64 and GST CstF-64 
interact with the oligo in extract. This experiment also shows that both WT and Mt (ctrl) oligo 
pull down GST CstF-64 in the absence of extract. In Figure 2, lanes 5 versus 6 and 11 versus 12 
show that that both oligos pull down GST CstF-64, although the GST CstF-64 signal is slightly 
higher with the WT oligo. In addition GST CstF-64 is pulled down without any oligo both with 
and without extract (lanes 1,4,7, and 10), indicating that it may interact non-specifically with the 
streptavidin beads or eppendorf tubes. These results demonstrate that GST CstF-64 and 
endogenous CstF-64 are pulled down specifically by the WT oligo in the presence of extract. 
Additionally, this experiment demonstrates that the WT oligo pulls down more GST CstF-64 
than the Mt (ctrl) oligo in the absence of extract. Because of the high background signal in the 
absence of extract, it cannot be concluded if GST CstF-64 directly binds the Ur element RNA 
oligo.  
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           1.      2.     3.     4.    5.      6.    7.    8.      9.     10.   11.  12. 
Figure 2: GST CstF-64 is pulled down specifically in the presence of extract. WT oligo pulls 
down GST CstF-64 while Mt (ctrl) oligo does not. GST CstF-64 is pulled down non-specifically 
by both WT and Mt (ctrl) oligos without extract. Lower bands are likely GST CstF-64 
degradation products.  
 
 
III. GST CstF-64 directly binds the Ur element RNA oligo  
In order to test for a direct CstF-64:Ur element RNA oligo interaction in the absence of 
extract, non-specific protein-bead interactions must be eliminated or minimized. In the previous 
experiment, similar GST CstF-64 signal in the WT oligo and no oligo reactions made it difficult 
to determine if there is a direct interaction between the oligo and GST CstF-64. In order to test 
this interaction, BSA was used as a protein blocker to minimize non-specific GST CstF-64 
binding to either the beads or tubes. This experiment tested BSA concentrations ranging from 
1% to 5% during the bead preparation and pull down. The molar ratio of oligo to protein 
(.95pmol) was held constant at 1:1. WT and Mt (ctrl) oligos were used because they displayed 
specificity with extract in the previous experiment. As seen in Figure 3, lanes 1 and 3 contain a 
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higher signal for GST CstF-64, while lane 5 shows a lower signal, and lanes 7 and 9 do not have 
a detectable signal. This demonstrates that increasing concentrations of BSA decreases non-
specific interactions in the Mt (ctrl) oligo lanes without decreasing pull down by the WT oligo. 
The experiment also shows that with 5% BSA (compare 9 and 10) GST CstF-64 is pulled down 
specifically with the WT oligo and not with the Mt (ctrl) oligo. This experiment not only 
indicates that higher levels of BSA successfully decrease non-specific interactions and contribute 
to specificity between Mt (ctrl) and WT oligos, but it also shows for the first time that the WT Ur 
element RNA oligo interacts directly with GST CstF-64. This result is extremely significant 
because it is the first indication that GST CstF-64 directly and specifically binds the Ur element 
RNA oligo without its binding partners (CstF-50 and CstF-77), the 3’ end formation machinery, 
and other spliceosomal components.  
 
 
   1.       2.       3.        4.       5.       6.        7.       8.        9.       10. 
Figure 3: GST CstF-64 directly binds the Ur element RNA oligo. Increasing BSA concentration 
successfully blocks beads, reducing background signal in Mt (ctrl) oligo pull down lanes. In 5% 
BSA, GST CstF-64 is specifically pulled down, indicating that there is a direct interaction 
between the WT oligo and GST CstF-64. 
 
 
III. The short Ur element oligo pulls down less GST-CstF-64 than the long Ur element oligo  
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 After demonstrating there is a direct interaction between GST CstF-64 and the Ur 
element RNA oligo, I wanted to test the optimal ratio between GST CstF-64 and the oligos 
important for specificity. I also wanted to test whether the length of the oligo and the number of 
UAYYUU motifs affect the ability of the Ur element RNA oligo to pull down GST CstF-64. 
This experiment tested various protein amounts with WT, Mt (ctrl), or WT (short) oligos (.95 
pmol) in each. Figures 4A and 4B originated from the same membrane, but were separated into 
two panels for clarity. Figure 4A, lanes 1 and 5, shows that at a 1:100 ratio of oligo to protein, 
GST CstF-64 is pulled down non-specifically. However, at a 1:1 molar ratio, GST CstF-64 is 
pulled down specifically by the WT oligo (lanes 2 versus 6).  Although very faint, lane 3 shows 
that at a 1:0.01 ratio, the WT oligo pulls down a little GST CstF-64, while the Mt (ctrl) oligo 
(lane 7) is blank. No signal is observed at a 1:0.01 ratio. Taken together, this indicates that a 1:1 
molar ratio between the Ur element RNA oligo and GST CstF-64 is optimal for specificity. This 
also indicates that there is a loss of specificity when the molar ratio is very high and a loss of 
detectable binding when the molar ratio is very low. 
 Figure 4B, lanes 1, 2, and 3 versus 5, 6, and 7, shows that the WT (short) oligo with only 
one UAYYUU motif pulls down less GST CstF-64 than the WT oligo. Additionally, Figure 4B, 
lane 3, shows that at a 1:0.01 ratio, the WT oligo pulls down very little GST CstF-64, while the 
WT (short) oligo, lane 7, does not pull down any. Figure 4B, lanes 4 and 8, also shows that at 
1:0.01 ratio, no signal is observed, similar to Figure 4A. This experiment indicates that a 1:1 
ratio between the protein and oligo is the best condition to test the interaction between GST 
CstF-64 and the Ur element oligo. It also suggests that multiple UAYYUU motifs or the length 
of the oligo are important for GST CstF-64 binding.  
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          1.         2.          3.           4.        5.          6.            7.          8. 
 
 
                      1.         2.           3.         4.          5.         6.            7.          8. 
Figure 4: A) GST CstF-64 is pulled down non-specifically at a 1:100 oligo:protein ratio. At a 
1:1 and 1:0.1 oligo:protein ratios, the WT oligo pulls down GST CstF-64 specifically. B) The 
WT (short) oligo pulls down less GST-CstF-64 than WT oligo at 1:100, 1:1, and 1:0.1 
oligo:protein ratios.   
 
 
IV. The regions containing the UAYYUU is required for GST CstF-64 binding 
 Knowing that the short oligo pulls down less GST CstF-64 than the long oligo, and that 
the mutant oligo containing multiple mutations in the stem and UAYYUU motifs fails to pull 
down GST CstF-64, I wanted to test what specific sequence or secondary structure is required for 
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binding. To test this question, I used the WT and Mt (ctrl) oligos as before and two new mutant 
oligos. The first new mutant oligo contained mutations in the stem (Figure 1F), while the second 
new oligo contained mutations in the UAYYUU motifs (Figure 1D).  This experiment used 1 
pmol of WT, Mt (ctrl), Mt (stem), Mt (UAYYUU) oligos and GST CstF-64 at a 1:1 molar ratio. 
To normalize for fluctuations in GST CstF-64 signal, this experiment was done in triplicate. 
Figure 5 shows that GST CstF-64 is pulled down with the WT and the Mt (stem) oligos, but not 
with the Mt (ctrl) and the Mt (UAYYUU) oligos. This indicates that the region containing the 
multiple UAYYUU motifs is required for GST CstF-64 binding, while the stem is not. This is 
also consistent with results shown in Figure 4B, where the short oligo containing fewer copies of 
the UAYYU motif showed less GST CstF-64 signal than the long Ur element RNA oligo. 
 
 
         1.         2.       3.        4.       5.        6.      7.       8.        9.       10.     11.     12. 
Figure 5: WT and Mt (stem) oligos pull down GST CstF-64, while Mt (ctrl) and Mt (UAYYUU) 
oligos do not. This indicates the region containing the UAYYUU is required for GST CstF-64 
binding, while stem is not important for binding. Experiment was conducted in triplicate to 
normalize fluctuations in signal.  
 
IV. GST CstF-64 signals decreases as UV time increases 
After concluding that the region containing the UAYYUU motif is important for GST 
CstF-64 binding, I wanted to investigate what site GST CstF-64 directly binds. To test this, I 
used wild type oligos containing a 4-thiouridine modification in either the loop (Figure 1H) or 
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UAYYUU motif (Figure 1G) to try to covalently capture the interaction between the Ur element 
RNA oligo and GST CstF-64. The 4-thiouridine modification is a photoreactive uridine analog 
that creates covalent linkages when exposed to UV light at 365 nm (Sontheimer, 1994). In this 
experiment, I used different amounts of time exposed to 365nm UV light to actave crosslinking 
between the 4-S-U Ur element RNA oligos and GST CstF-64. I used a 1:1 molar ratio of protein 
to oligo. The WT oligo without a 4-S-U (Figure 1C) was included in this experiment as a 
negative control to determine baseline signals. Since it does not have a 4-S-U it would not be 
expected to crosslink in these conditions. Figure 6 shows that the GST CstF-64 signal decreases 
as UV time increases. This was surprising because I expected the amount of GST CstF-64 
crosslinking to the Ur element oligos to increase with UV exposure. Because I saw a decreasing 
trend, we hypothesized that UV-activated crosslinking is occurring, but the new complex 
between GST CstF-64 and the Ur element oligo may be unable to enter the gel. 	  
 
           1.          2.          3.         4.         5.         6.         7.          8.       9.  
Figure 6: GST CstF-64 signals decrease as 365 nm UV time increases. The WT oligo in lane 1 
does not have a 4-S-U, while the Ur element RNA oligos in lanes 2 through 9 have 
photoactivatable crosslinkers (4-S-U). Specifically, the oligos in lanes 2 through 5 have a 4-S-U 
in the UAYYUU, and the oligos in lanes 6 through 9 have a 4-S-U in the loop. 
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Discussion 
 In order to determine whether the interaction between GST CstF-64 and the Ur element 
RNA oligonucleotide is indirect or direct, I used a modified version of Dr. Lasda’s pull down 
assay. By Western Blot, I show that purified GST CstF-64 can be pulled down by the Ur element 
oligo in the absence of extract or any other proteins or RNAs, indicating a direct interaction. I 
also observed that the WT (short) oligo pulls down less GST CstF-64 than the WT oligo, 
indicating that length of the oligo and/or the number of UAYYUU motifs affects GST CstF-64 
binding. I show that WT and Mt (stem) oligos could successfully pull down GST CstF-64, while 
Mt (ctrl) and Mt (UAYYUU) oligos could not. This indicates that the region containing the 
UAYYUU motif is required for binding, while the stem is not. Knowing this, I wanted to 
determine the specific site of GST CstF-64 binding by using a UV-activated crosslinker. 
Surprisingly, preliminary results showed that GST CstF-64 signal decreased with oligos 
containing a 4-S-U modification as 365 nm UV time increased.  
 One possible reason for the observed decrease in GST CstF-64 signal as 365 nm UV time 
increases (Figure 6) is that formation of a crosslink between GST CstF-64 and the Ur element 
RNA oligo might not allow this complex to enter the gel. In order to address this issue in future 
experiments, I plan to treat my reactions with RNase. RNase will degrade the RNA (Ur element 
RNA oligo) that is covalently linked to GST CstF-64 and could then allow the protein to enter 
and migrate normally in the SDS-gel. With RNase treatment, I would then expect to see 
increasing GST CstF-64 signal as 365 nm UV time increases.  
 Another surprising result observed in Figure 6 was the amount of GST CstF-64 being 
pulled down by all of the WT oligos (both containing a 4-S-U and not) without 365 nm UV-
activation. Without a 4-S-U (lane 1) or without UV exposure (lanes 2 and 6), I had anticipated 
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that no GST CstF-64 would be pulled down by the oligos. I expected that heating my samples at 
55°C in wash buffer would remove all non-crosslinked GST CstF-64 from the Ur element RNA 
oligo. Perhaps this high GST CstF-64 signal could be caused by non-specific interactions with 
the beads and tubes similar to Figure 1, or that the denatured protein may still bind the oligo. It 
might also be possible that 55°C in a mild buffer is not sufficient to denature the protein. In order 
to address this issue in future experiments, I plan to use a more stringent wash buffer and/or 
higher post-UV incubation temperatures. Additionally, I plan to use a non-specific protein 
competitor such as milk or BSA, to minimize non-specific protein interactions with the beads 
and tubes. By changing these conditions, I would then expect to see no GST CstF-64 signal at 
my zero time point and less GST CstF-64 signal as 365 nm UV time increases.  
The results from these experiments could further research pertaining to SL2-trans-
splicing, and provide additional insight into the interaction between the Ur element RNA 
sequence and the SL2 RNA. Because Evans et al. (2001) has demonstrated that CstF-64 interacts 
with the SL2 RNA, and Dr. Lasda and myself have demonstrated that CstF-64 interacts with the 
Ur element RNA oligo, it can be hypothesized that CstF-64 might act as an intermediate to 
bridge the two RNAs and act to either stimulate or silence the SL2 RNA. Two models have been 
proposed on how CstF-64 facilitates the interaction between the SL2 RNA and the Ur element 
RNA sequence.  
The first model is that CstF-64 directly interacts with the Ur element RNA sequence as 
part of a silencing complex. In this model, CstF-64 initially binds the Ur element RNA sequence 
blocking any protein and/or RNA interactions, thereby inhibiting SL2 trans-splicing. 
Subsequently, CstF-64 dissociates from the Ur element RNA sequence and associates with the 
SL2 RNA. Potentially, this association induces the SL2 RNA to undergo a conformation change 
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that thereby activates the SL2 RNA to bind to the Ur element RNA sequence. In this case the 
absence of CstF-64 binding the Ur element RNA sequence allows the SL2 RNA to hybridize 
with the Ur element RNA sequence enabling trans-splicing.  
The second model proposed is that CstF-64 is initially bound to the SL2 RNA. Next, the 
SL2 RNA:CstF-64 complex is recruited to the Ur element RNA sequence where CstF-64 
dissociates from the SL2 RNA and binds the Ur element RNA sequence. Dissociation of CstF-64 
induces the SL2 RNA to undergo a conformation change, thereby activating it. Once activated, 
the SL2 RNA either directly or indirectly interacts with the Ur element RNA sequence and trans-
splicing is initiated. These are both attractive hypotheses because previous results have shown 
that CstF-64 interacts with both the Ur element RNA oligo and the SL2 RNA. In order to test 
these hypotheses that CstF-64 bridges or controls the SL2 RNA and the Ur element RNA 
sequence, future experiments with the addition of GST CstF-64 to the Ur element and the SL2 
RNA or SL2 snRNP in the absence of extract could reveal if CstF-64 facilitates an interaction 
between the two RNAs. If an interaction is not observed between the Ur element and the SL2 
RNA, further experiments could test if another protein and/or RNA is needed to stabilize the 
CstF-64 interaction with the SL2 RNA and the Ur element RNA sequence.  
Lasda et al. (2010) demonstrated that the stem–loop and UAYYUU motifs in the Ur 
element are both required for SL2 trans-splicing, while my results demonstrated that only the 
UAYYUU motifs are required for GST CstF-64 binding. This result is surprising (Figure 5) 
because I predicted that GST CstF-64 would require both the stem-loop and UAYYUU motifs 
similar to the SL2 RNA. Because the stem is important for SL2 trans-splicing and not CstF-64 
binding, it can be inferred that other splicing components might interact with the stem. Perhaps 
in conjunction with CstF-64, these components could facilitate the interaction between the two 
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RNAs. CstF-64 might bridge the Ur element RNA sequence with the SL2 RNA at the UAYYUU 
motifs, while various proteins and/or RNAs might facilitate the interaction between the two 
RNAs at the stem-loop. Because Lasda has also shown that sut-1, as well as SmY RNA, are 
pulled down in extract along with CstF-64, perhaps this snRNP acts to stabilize CstF-64, in turn, 
stabilizing CstF-64 bridging capabilities (unpublished data).  
Taken together, previous research and my results suggest that CstF-64 plays a crucial role 
in multiple aspects of pre-mRNA processing. Specifically, it has been shown that CstF-64 is an 
essential component for proper 3’ end formation, while my results suggest that CstF-64 may be a 
crucial factor for appropriate SL2 trans-splicing. Knowing that CstF-64 binds both the SL2 RNA 
and the Ur element oligo, I predict that CstF-64 bridges the two RNAs allowing for proper SL2 
trans-splicing. I predict that the close proximity between the cleavage site and the Ur element 
RNA sequence is essential for CstF-64’s function. After interacting with the 3’ end formation 
machinery and contributing to proper cleavage, CstF-64 is then recruited to the Ur element RNA 
sequence or the SL2 RNA where it activates SL2 trans-splicing. This prediction seems valid 
because the Ur element RNA sequence is just downstream of a gene undergoing cleavage and 
polyadenylation.  
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